We present high resolution neutron spectroscopic investigations of polyethylene glycol matrices interacting attractively with neat SiO 2 nanoparticles. We observe a very rich dynamical picture that significantly contradicts earlier conclusions on such systems. Investigating a short chain matrix we realized that a fraction of chains is attached at the nanoparticle surface suppressing completely its translational diffusion. Nevertheless these attached chains undergo an unchanged segmental dynamics seemingly forming a micellelike corona of chains attached with their OH end groups. Changing to methylterminated chains the picture changes drastically, now showing a tightly adsorbed layer that however is not glassy as often assumed but undergoes fast picosecond local dynamics. With the singular importance of end groups, mean field approaches are not applicable and future simulations should be redirected to model such unexpected phenomena. DOI: 10.1103/PhysRevLett.110.178001 PACS numbers: 81.05.Qk, 36.20.Ey, 78.70.Nx Chain and surface interactions determine essentially the mechanical, optical, and electrical properties in polymer based nanocomposites. The molecular mechanisms and their chemical ingredients are very complex and remain poorly understood. In a step toward a better understanding of the interplay between chain dynamics and chain surface interactions in particle-filled nanocomposite melts we want to exploit the high spatial and temporal resolution of neutron spectroscopy to illuminate the changes of the polymer dynamics caused by a finite attractive interaction between chains and surfaces.
We present high resolution neutron spectroscopic investigations of polyethylene glycol matrices interacting attractively with neat SiO 2 nanoparticles. We observe a very rich dynamical picture that significantly contradicts earlier conclusions on such systems. Investigating a short chain matrix we realized that a fraction of chains is attached at the nanoparticle surface suppressing completely its translational diffusion. Nevertheless these attached chains undergo an unchanged segmental dynamics seemingly forming a micellelike corona of chains attached with their OH end groups. Changing to methylterminated chains the picture changes drastically, now showing a tightly adsorbed layer that however is not glassy as often assumed but undergoes fast picosecond local dynamics. With the singular importance of end groups, mean field approaches are not applicable and future simulations should be redirected to model such unexpected phenomena. Chain and surface interactions determine essentially the mechanical, optical, and electrical properties in polymer based nanocomposites. The molecular mechanisms and their chemical ingredients are very complex and remain poorly understood. In a step toward a better understanding of the interplay between chain dynamics and chain surface interactions in particle-filled nanocomposite melts we want to exploit the high spatial and temporal resolution of neutron spectroscopy to illuminate the changes of the polymer dynamics caused by a finite attractive interaction between chains and surfaces.
In general, the mechanical properties of such nanocomposites are discussed in terms of networklike approaches [1, 2] . Those models suggest adsorbed chains exhibiting an immobilized shell around the particles with dangling ends, loops, and chains connecting nanoparticles when the wall-to-wall distance becomes comparable to twice the chain end-to-end distance R ee [1] [2] [3] . Even at low adsorption energies strong adsorption may occur due to multiple adsorption sites.
For the case of polyethylene glycol (PEG) melts filled with SiO 2 particles, where the chains are either terminated by OH or CH 3 end groups, NMR studies inferred three different phases of mobility for the polymer chains [4] : (i) A glassy layer with about 1 nm thickness that is independent of the matrix molecular weight and does not change with the temperature. (ii) A fraction with intermediate relaxation time to which networklike properties were ascribed and (iii) a bulklike highly mobile fraction. A similar classification of the dynamics was also reported for PDMS based nanocomposites [5] . The NMR experiments also revealed that the different end groups lead to the same dynamical behavior over a large molecular weight range [4, 6] . However, other studies report on the possible influence of end groups on the adsorption characteristics of the PEG backbone even at high molecular weights [7] . Furthermore, extensive structural studies using small-angle x-ray and neutron scattering (SAXS, SANS) were performed and interpreted with mean field calculations based on the polymer reference interaction site model [8] . There, an average interaction energy of 0:5k B T per monomer was found. Furthermore, based on various spectroscopic techniques there seems to be a general agreement about the existence of a %1 nm thick glassy polymer layer around nanoparticles [9, 10] .
In this work we present a study on the chain dynamics in model systems of linear PEG filled with SiO 2 nanoparticles from a very local to the global scale. Both, OH-and methyl-end groups were considered. Employing neutron spin echo (NSE) and high resolution time-of-flight (TOF) spectroscopy a very rich dynamical picture evolved that contradicts earlier conclusions on the polymer dynamics in nanocomposites with attractive polymer nanoparticle interaction. (i) PEG-ðOHÞ 2 chains graft with their end group on the SiO 2 surface and display the Rouse-like dynamics of end-grafted chains. (ii) CH 3 -terminated chains form a confining layer of %1 nm thickness but with high internal mobility. (iii) Locally, both chains exhibit picosecond dynamics with no signature of a glassy layer, leading in both cases to the same segmental (Rouse) relaxation rate as in the bulk.
On a coarse grained level and at intermediate length scales the segmental dynamics of polymer chains is well described by the Rouse model [11] that treats the dynamics of a Gaussian chain in a heat bath. Entropic forces originating from the conformational chain entropy and
week ending 26 APRIL 2013 frictional forces from the heat bath drive the dynamics. The model's solution is relaxation modes with relaxation times decreasing with the mode number p 2 . All internal modes have fully relaxed after the so-called Rouse time R . The model is governed by one parameter: the monomeric friction coefficient . The dynamic structure factor reads [12] :
where The experiments were performed on monodisperse PEG chains that were anionically synthesized featuring either OH or CH 3 end groups. The average number molecular weights were: h-PEG-ðOHÞ 2 1:8 kg=mol; d-PEG-ðOHÞ 2 1:9 kg=mol; h-PEG-ðCH 3 Þ 2 2:2 kg=mol; d-PEG-ðCH 3 Þ 2 2:0 kg=mol. Silica nanoparticles without surface modification were obtained from Nissan Chemical (SNOWTEX Ò ST-40) and characterized by SANS. The charge stabilized nanoparticles have a log normal size distribution with average diameter hDi ¼ 12:8 AE 0:1 nm, ¼ 0:28 AE 0:01 and specific surface area of 200 m 2 =g. The nanocomposites with a silica fraction of 15 vol.% were prepared by solution blending in purified H 2 O and subsequent freeze drying to achieve a good particle dispersion.
SANS experiments were performed at KWS-2 of the JCNS at the FRM II in Garching, Germany, at a temperature of T ¼ 413 K. Details of these experiments are found in the Supplemental Material [13] . The dynamic experiments were performed at the neutron spin echo instrument IN15 at the Institute Laue-Langevin in Grenoble again at T ¼ 413 K. Furthermore, high resolution neutron time-offlight experiments were carried out at the TOFTOF instrument of the FRM II in Garching covering a temperature range from 343 to 443 K. Figure 1 displays NSE results on a pure PEG-ðOHÞ 2 melt for various Q values. The figure evidences that for small Q the internal dynamics (dashed lines) is not contributing to the signal. At Q ¼ 0:05 A À1 solely translational diffusion is measured. Only at Q ¼ 0:2 A À1 is the experiment primarily sensitive to internal motions as there is a significant contribution from the internal dynamics for times up to R ¼ 9:7 AE 0:1 ns. We note that the dynamics in the pure melt is independent of the choice of end groups. 
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PEG-ðCH 3 Þ 2 to the PEG-ðOHÞ 2 sample, the translational diffusion appears to be increasingly retarded. At Q ¼ 0:1 A À1 we witness the appearance of a new phenomenon. The dynamic response of both matrices assumes a plateau at long times with a higher value for PEG-ðOHÞ 2 . Since the internal modes have fully relaxed in this long time regime, about an order of magnitude larger than R , the formation of a plateau directly indicates the fraction of chains that are not participating in the translational diffusion [11] . These are the chains that are adsorbed at the particle surface for times much longer than 200 ns. Thereby, the OH-terminated chains are more effectively adsorbed than the methyl group terminated ones. Finally, at Q ¼ 0:2 A À1 , where the experiment is particularly sensitive to the long wave-length Rouse modes, we observe that for the OHterminated chains the decay of SðQ; tÞ goes well beyond that of the plateau observed at Q ¼ 0:1 A À1 signifying that the adsorbed chains undergo large scale internal dynamics. This is different for the PEG-ðCH 3 Þ 2 chains. Here, SðQ; tÞ decays to the same plateau as at lower Q. Thus, the adsorbed chains are limited to at most small scale motions in the order of 1 nm [14] . Figure 3 displays exemplary results for the local chain dynamics. We compare time-of-flight spectra for pure PEG with those from nanocomposites with the OH-and CH 3 -terminated matrices. At Q ¼ 1:5 A À1 the experiment observes very local motions as those relating to rotational motions around the covalent bonds [11] . All three spectra are characterized by a broad quasielastic peak relating to this motion. In addition, on the top of the broad peak for the nanocomposites, a small elastic peak evolves with an intensity of about 3% of the total scattering. The Q dependence of this intensity is shown in the inset and compared with the SiO 2 structure factor peak obtained from a pure SiO 2 glass [15] . Both, estimating the SiO 2 peak intensity from the ratio of the respective cross sections as well as comparing the location of the observed peak with that of pure SiO 2 , we identify the observed elastic contribution as resulting from the SiO 2 nanoparticles, possibly slightly enhanced by the incoherent scattering from the OH groups at the SiO 2 surface.
We emphasize that the elastic fraction displays only a weak temperature dependence down to 343 K very close to the crystallization temperature of PEG (see Supplemental Material [13] ). We may conclude that in the nanocomposites both types of chains undergo fast picosecond dynamics that is very similar to that in the bulk. There is no indication for the hypothesized glassy polymer layer.
In the next step we quantitatively analyze the data guided by the qualitative understanding arrived at from Figs. 2 and 3 . We consider a model with two chain fractions: free chains and adsorbed chains, both with the same Rouse relaxation rate W. While for the free chains the diffusion is reduced, for the adsorbed chains D R ¼ 0. The internal dynamics of the adsorbed OH chains is described by the Rouse dynamics of end-grafted chains. On the contrary, no internal chain dynamics is considered for the adsorbed fraction in the case of the CH 3 -terminated chains. Thus, the fit function assumes the form SðQ; tÞ ¼ SðQ; tÞ
where is the adsorbed fraction and SðQ; tÞ refers to Eq. (1) reveals the adsorbed fraction. For PEG-ðOHÞ 2 we find ¼ 0:21 AE 0:02 corresponding to about one adsorbed chain per nanometer square, a very high adsorption density that can only be realized if the majority of the chains are end-grafted. For PEG-ðCH 3 Þ 2 we find ¼ 0:06 AE 0:01; the chains are obviously multiply attached with the backbone.
The two blue dashed lines signify the result if we vary the adsorbed fractions to 0.1 or 0.3. With ¼ 0:21 fixed we may now inspect the reduction of the diffusion coefficient. The best fit gives D ¼ fD R;free with f ¼ 0:90 AE 0:03. The two dashed black lines display the results for an unchanged diffusion coefficient and f ¼ 0:75. We note that the found reduction by 10% corresponds well to the value found for a purely repulsive nanocomposite containing nanoparticles of comparable size [16] . Finally we consider the highest Q value that is particularly sensitive to the internal chain dynamics [11] . The lower dashed line represents the expectation for an end-grafted chain that is allowed to freely explore its half space [12] . This gives rise to a too strong decay of the structure factor. However, with the high grafting density given here the freedom of the chain motion will be restricted. Therefore, we reduced the motional amplitudes in Eq. (1) by a common factor resulting in a reduction of the amplitudes of motions on average by a factor of 2. A further amplitude reduction by another factor 2 would lead to the upper dashed line.
Let us now rationalize the results. For the OHterminated chains we have an adsorbed fraction that corresponds close to about one chain per square nanometer SiO 2 surface. These chains undergo large scale mobility and may be well approximated by an end-tethered PEG chain that follows the Rouse model for grafted chains if the motional amplitudes are reduced by an overall factor of 2 (crowding). Thus, we may conclude that a large majority of chains are grafted at the SiO 2 surface and lead to a micellelike structure of the nanoparticle. Thereby, the fixation time of the chains must be much longer than the observation time of the experiments ( ad ) 200 ns). This means that the binding energy must be very significant. From a simple Boltzmann argument it would have to be larger than 40 kJ=mol pointing toward the direction of a chemical or at least a very strong hydrogen bond. For the CH 3 -terminated chains we find a much weaker chain adsorption of only 6% with no visible large scale internal dynamics within the adsorbed fraction. The Q plateaus at Q ¼ 0:2 A À1 and Q ¼ 0:1 A À1 are identical. Both from equating the amount of chains with the surface as well as calculating the maximum amplitude of motion that would be invisible at Q ¼ 0:2 A À1 (see Ref. [14] ) we arrive at an apparently immobilized layer of close to 1 nm thickness. This layer however, is locally very mobile. The results of unchanged local dynamics is also corroborated by dielectric spectroscopy in PMMA-and PVAc-silica nanocomposites [17, 18] .
Our detailed dynamic neutron results thus enhance significantly the microscopic insight into the polymer chain dynamics in attractive nanocomposites. From the greatly different behavior of the CH 3 -and OH-terminated PEGs we have realized that for the PEG-OH system the mean field approaches such as the polymer reference interaction site model are not applicable. There an average binding energy of 0:5k B T is predicted that needs to be related with the value well surpassing 10k B T found here. This binding energy, however, is concentrated at a single point. Another aspect concerns the often invoked glassy layer around nanoparticles. The neutron time-of-flight experiments unambiguously show that at the same temperature with the same SiO 2 surface the PEG undergoes picosecond dynamics while from the NMR line shape a glassy layer was concluded [4] . The neutron data tell about the existence of a confined polymer layer that however is internally highly mobile and not glassy at all. This result should stimulate a reinterpretation of many earlier results and further enhance the understanding of nanocomposites. Also to our knowledge none of the computer simulations have yet considered the highly significant role of chain termination in the understanding of attractive nanoparticles.
